Introduction {#s1}
============

Mast cells are innate immune cells with potent inflammatory properties. They express numerous receptors that respond to mechanical and chemical stimuli; their critical function, however, is eliciting allergic responses through crosslinking of the high-affinity IgE receptor (FcεRI). Following FcεRI ligation, mast cells quickly release histamine from pre-stored vesicles during the acute phase of their response through degranulation, leading to the delayed production and release of inflammatory cytokines ([@B1]). The IgE receptor is thus imperative in the development of allergic asthma, rhinitis, and food allergies, all of which result from pathogenic hyperactivity of mast cells ([@B2]).

MAS-related G-protein coupled receptor-X2 (MRGPRX2) is a recently identified mast cell receptor known to enhance inflammatory responses independent of FcεRI ([@B3]--[@B5]). This receptor has been implicated in chronic diseases, such as rosacea ([@B6]), urticaria ([@B7]), atopic dermatitis ([@B8]), and rheumatoid arthritis ([@B9]). MRGPRX2 displays a promiscuous ligand-binding domain that is potently activated by a variety of different cationic peptides and chemical effectors ([@B10]--[@B13]). The cathelicidin peptide LL-37 ([@B13], [@B14]), neuropeptide cortistatin-14 (CST-14) ([@B10], [@B15]), and mast cell-degranulating molecule compound 48/80 ([@B3], [@B16]) especially, produce robust degranulation responses through MRGPRX2. LL-37 expression is upregulated in patients with chronic inflammatory skin conditions such as rosacea ([@B17]), suggesting that mast cell activation via MRGPRX2 may be responsible for the symptoms associated with this disease. In addition, the pathology of several allergic diseases such as asthma ([@B18]) and urticaria ([@B7]) correlate with mast cell-specific expression of MRGPRX2. Mouse mast cells express MrgprB2, an ortholog of the human receptor ([@B3]). This receptor is activated by the same ligands as MRGPRX2 and displays considerable homology with the human receptor. Interestingly, several FDA approved drugs serve as ligands for MRGPRX2 ([@B3], [@B19]--[@B24]) and consequently cause pseudo-allergic reactions in humans; however, the mechanism(s) utilized by this receptor to promote mast cell activation is not well-understood.

Mast cell degranulation is preceded by surges of intracellular Ca^2+^ concentrations. Both FcεRI and MRGPRX2 share similar Ca^2+^ mobilization characteristics ([@B13], [@B25]). Specifically following receptor activation, a rapid increase in intracellular Ca^2+^ is observed that decays very slowly. This sustained Ca^2+^ response induced by MRGPRX2 is surprising, given that MRGPRX2 is a G-protein coupled receptor (GPCR), and most GPCRs induce a transient Ca^2+^ response that almost immediately returns to baseline due to their rapid desensitization and internalization ([@B26]). MRGPRX2 displays a prolonged elevation of Ca^2+^ influx comparable to that of the IgE receptor and this response is resistant to desensitization and internalization ([@B13]). Mechanistically, FcεRI uses store-operated Ca^2+^ entry (SOCE), which facilitates endoplasmic reticulum (ER)-induced Ca^2+^ flux and Ca^2+^ signal potentiation ([@B27]--[@B29]). However, it is currently unclear whether MRGPRX2 utilizes SOCE mechanisms for regulating mast cell responses.

The central proponent of SOCE is an endogenous Ca^2+^ sensor called stromal interaction molecule 1 (STIM1) ([@B30]). STIM1 contains ER-lumen oriented Ca^2+^-binding domains. Upon cell stimulation and depletion of Ca^2+^ in the ER, these domains become unoccupied, causing a conformational shift and extension of arm-like subunits that complex with calcium release-activated calcium (CRAC) channels and transient receptor potential-canonical (TRPC) channels that are expressed on the cell membrane. Subsequent opening of these channels by STIM1 allows for Ca^2+^ influx into the cytosolic space and increased activation of Ca^2+^-dependent effectors that amplify cellular functions ([@B30], [@B31]).

Since the Ca^2+^-mobilizing machinery utilized by MRGPRX2 in mast cells is unknown, we sought to characterize the Ca^2+^ signaling responses and the proteins involved in MRGPRX2 Ca^2+^ potentiation. Previous studies have demonstrated that FcεRI signaling is largely dependent upon SOCE via STIM1 to facilitate proper mast cell function ([@B29], [@B32]--[@B35]). Given the potent inflammatory properties of the IgE receptor and MRGPRX2, in conjunction with their analogous Ca^2+^ mobilization responses, we hypothesized that MRGPRX2 activates SOCE through STIM1. Our data suggests that SOCE via STIM1 is required for MRGPRX2 responses in human mast cells *in vitro*. Additionally, pharmacological inhibition of SOCE attenuated MrgprB2-induced mast cell responses in *in vivo* mouse models of paw edema and rosacea.

Materials and Methods {#s2}
=====================

Tissue Culture Media and Reagents
---------------------------------

Dulbecco\'s Modified Eagle\'s Media (DMEM), penicillin, streptomycin, and L-glutamine supplement were from Corning Cellgro™ (Corning, NY). Recombinant human stem cell factor (hSCF) was purchased from PeproTech (Rocky Hill, NJ). Opti-MEM™ and Stem-Pro™-34 SFM media, puromycin, Lipofectamine® 2000 reagent, and TRIzol™ were purchased from Invitrogen (Carlsbad, CA). Chemical reagents used in buffers, unless otherwise noted, were purchased from Sigma-Aldrich (St. Louis, MO). CST-14 agonist \[Pro-c(Cys-Lys-Asn-Phe-Phe-Trp-Lys-Thr-Phe-Ser-Ser-Cys)-Lys\], cathelicidin LL-37 (Leu-Leu-Gly-Asp-Phe-Phe-Arg-Lys-Ser-Lys-Glu-Lys-Ile-Gly-Lys-Glu-Phe-Lys-Arg-Ile-Val-Gln-Arg-Ile-Lys-Asp-Phe-Leu-Arg-Asn-Leu-Val-Pro-Arg-Thr-Glu-Ser) and all inhibitors (SKF 96365 HCl (SKF), YM 58483 (YM), A425619, and Nifedipine) were purchased from Tocris Bioscience (Minneapolis, MN). Compound 48/80, substance P and (*R*)-ZINC-3573 were obtained from Sigma-Aldrich. All kits for cDNA synthesis and quantitative PCR were obtained from Applied Biosystems (Foster City, CA). ELISA kits (TNF-α and IL-2) were purchased from BD Biosciences (Franklin Lakes, NJ). Primary western blotting antibodies (anti-STIM1, anti-phospho-p44/42 (p-ERK1/2) anti-p44/42 (T-ERK1/2), anti-phospho-Akt, anti-Akt, and anti-β-actin) were obtained from Cell Signaling Technology (Danvers, MA) and secondary antibodies (donkey anti-rabbit conjugated to IRDye® 680RD and IRDye® 800CW) were purchased from Li-Cor Biosciences (Lincoln, NE). All shRNA plasmids were purchased from Sigma-Aldrich.

Cells
-----

Human LAD2 cell line was cultured in complete Stem-Pro-34 SFM medium containing penicillin (100 IU/mL), streptomycin (100 μg/mL) and L-glutamine (2 mM) (PSG) supplemented with recombinant hSCF (100 ng/mL) as described by Kirshenbaum et al. ([@B36]). Media was hemi-depleted once every week, and cells were maintained at a concentration of 0.8 × 10^6^ cells/mL. HEK-293T human embryonic kidney cells and rat basophilic leukemia (RBL-2H3) cells were obtained from the American Type Culture Collection (Manassas, VA) and were cultured in DMEM supplemented with 10% bovine calf serum and PSG. Cells were split every other day. RBL-2H3 cells stably expressing MRGPRX2 (RBL-MRGPRX2) were generated as described previously ([@B12], [@B13]) and cells expressing the MRGPRX2 receptor were sorted using flow cytometry and phycoerythrin (PE)-conjugated anti-MRGPRX2 antibody (BioLegend, San Diego, CA). The cells were cultured in the DMEM supplemented with 10% bovine calf serum, PSG and G418 (1 mg/mL).

Human skin mast cells were isolated and cultured as described previously ([@B37], [@B38]). Briefly, mast cells were isolated and purified from fresh surgical specimens of human skin tissues that were purchased from the Cooperative Human Tissue Network (CHTN) of the National Cancer Institute. These studies were approved by the human studies Internal Review Board (IRB) of the University of South Carolina. The tissues were mechanically minced and digested with collagenase type II, hyaluronidase, and DNase I in HBSS buffer (1X HBSS, 0.04% NaHCO3, 1% fetal bovine serum, 1% HEPES, 0.1% CaCl~2~). The samples were filtered through 40 μm cell strainers and separated on a Percoll cushion by density centrifugation. The cells at the interface of buffer and Percoll layers were collected, washed, and resuspended at 5 × 10^5^ cells/mL in serum-free X-VIVO 15™ media (Lonza) supplemented with hSCF (100 ng/mL). They were cultured at 37°C 5% CO~2~ with weekly media changes for 8 weeks. Purity was assessed by metachromatic staining with acidic toluidine blue and by flow cytometry staining for FcεRI expression with PE-labeled anti-human FcεRI antibody \[clone AER-37 (CRA)\] and mouse IgG2bk isotype control (BioLegend). The mast cells were used only when \>95% of the cells were FcεRI+ (after \~8 weeks of culture).

Cell Viability Assays
---------------------

LAD2 cells (0.5 × 10^5^/well) were plated on 96-well plates and treated with varying concentrations of SKF, YM, Nifedipine, or A425619 for 24 h. The cells were harvested and live and dead cells were counted on a hemocytometer after staining with trypan blue.

Lentiviral Transduction and STIM1 Knockdown
-------------------------------------------

### Generation of Lentivirus

Confluent HEK-293T cells (1 × 10^6^ cells) were seeded on to 100 mm^2^ dishes 48 h prior to transfection. Cells were serum-starved for 1 h in Opti-MEM™ medium before addition of Lipofectamine® 2000 reagent and the viral packaging plasmids: p-CMV-VSV-G, pHR\'8.2ΔR, and STIM1 shRNA (Cat\# SHCLNG-NM_003156; TRC\# TRCN0000358718) or scrambled-sequence control shRNA (Cat\# SCH002). Media was changed to DMEM after 6 h. Seventy-two hours post-transfection, viral supernatant was harvested, 0.4 μm sterile-filtered, and concentrated using Vivaspin™ protein concentrators (100 kDa MWCO, GE Healthcare).

### Lentiviral Transduction

LAD2 cells (5 × 10^6^ cells) were washed twice and plated in complete Stem-Pro-34 SFM media supplemented with hSCF (100 ng/mL) and hexadimethrine bromide (polybrene, 4 μg/mL). Concentrated viral supernatant was then added to cells, centrifuged at 700 g for 1 h, and incubated for 8--10 h in 37°C and 5% CO~2~. Media was changed and cells were exposed to puromycin (3 μg/mL) for selection of stable clones and viable cells were used for subsequent experiments.

Calcium Mobilization
--------------------

### SOCE Assay

LAD2 cells were washed and resuspended in 1 mL of 0.1% SIR-BSA (118 mM NaCl, 5 mM KCl, 25 mM HEPES, 5.5 mM glucose, 0.4 mM MgCl~2~, 1 mM CaCl~2~, and 1 mg/mL bovine serum albumin) supplemented with 6 μM Fluo-8 AM calcium dye (Abcam; Cambridge, MA) for 1.5 h at 37°C and 5% CO~2~. Cells were then washed twice with Ca^2+^-depleted 0.1% SIR-BSA and 100 μL (0.3 × 10^6^ cells/mL) were seeded in the same buffer with 0.5 mM EGTA. Using the FlexStation® 3 Flex-protocol, changes in fluorescence were measured for 25 min with the addition of CST-14 and reintroduction of Ca^2+^ at indicated time points. Excitation and emission wavelengths were 490 and 520 nm, respectively.

### Total Calcium Flux

LAD2 (0.2 × 10^5^ cells in 100 μL) and RBL-2H3 (0.5 × 10^5^ cells in 100 μL) cells were plated in 0.1% SIR-BSA. FLIPR® Calcium 6 dye (Molecular Devices) was reconstituted as per manufacturer\'s protocol, combined with cells (1:1 ratio) and incubated for 2 h at 37°C and 5% CO~2~. Cells were then stimulated with CST-14, LL-37, substance P, compound 48--80, or (*R*)-Zinc-3573 using the FlexStation® 3 Flex-protocol, and changes in fluorescence were measured over a 120 s period. For assays involving inhibitors, cells were incubated with SKF, YM, Nifedipine, or A425619 for 30 min prior to agonist stimulation. Phosphate-buffered saline (PBS) was used as the control vehicle used for all the inhibitors. Excitation and emission wavelengths were 485 and 525 nm, respectively. Fluorescence data were normalized to maximal response values.

β-Hexosaminidase Release Assay
------------------------------

LAD2 cells were washed twice and resuspended in 0.1% SIR-BSA. Fourty-five microliters of cells (0.45 × 10^6^ cells/mL) were seeded and stimulated with CST-14, LL-37, substance P, compound 48--80, or (*R*)-Zinc-3573 for 25 min. For total β-hexosaminidase release, cells were lysed using 0.1% Triton X-100. The supernatant (20 μL) was collected and incubated with an equivalent volume of 4 mM p-nitrophenyl-N-acetyl-β-D-glucosamine (PNAG) for 1 h at 37°C. The reactions were halted through the addition of 0.1 M NaHCO~3~/0.1 M Na~2~CO~3~ buffer. The β-hexosaminidase release assay for human skin mast cells was performed as described previously by McHale et al. ([@B39]). For assays using inhibitors, cells were incubated for 30 min with the appropriate drug prior to agonist stimulations. Inhibitor concentrations were determined using IC50 values reported by the drug manufacturer. Absorbance was measured using FlexStation® 3 multi-mode plate reader (Molecular Devices; San Jose, CA) at 405 nm. Percent of β-hexosaminidase release content was calculated by dividing absorbances of agonist-stimulated cells by total cell β-hexosaminidase content.

ELISA
-----

LAD2 cells (0.25 × 10^6^ cells in 250 μL) were washed twice in cytokine-deprived complete Stem-Pro™-34 media, plated and stimulated with corresponding agonists for 6 h. For experiments involving inhibitors, cells were incubated with the appropriate drug for 30 min prior to agonist addition. Cells were then centrifuged and the supernatant was collected. Cytokines (TNF-α and IL-2) in the supernatant was determined by ELISA.

Western Blotting
----------------

Wild type, STIM1 shRNA or scramble (control) shRNA transduced LAD2 cells (4 × 10^6^ cells) were stimulated for different time intervals with LL-37 (3 μM) and lysed using radioimmunoprecipitation assay (RIPA) buffer (150 mM NaCl, 1.0% Triton X-100, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 25 mM Tris \[pH 8.0\], and 5 mM EDTA,) with protease inhibitor cocktail (Roche Applied Sciences; Mannheim, Germany). Fourty micrograms of protein was loaded in a 10% polyacrylamide gel for electrophoretic separation. Proteins were then transferred to nitrocellulose membranes (GE Healthcare). Membranes were blocked in 5% milk solution for 2 h, washed in Tris-buffered saline \[pH 7.6\] and 0.1% Tween-20 (TBST), then probed with primary antibodies (anti-STIM1, anti-phospho-p44/42, anti-p44/42, anti-phospho-Akt, anti-Akt, and anti-β-actin). The following day, blots were washed in TBST and probed with LiCor IRDye® 680RD or IRDye® 800CW conjugated secondary antibodies for 2 h in the dark. Blots were imaged using LI-COR Odyssey Imaging Systems and analyzed using Image Studio™ Lite (LI-COR Biosciences).

Mice
----

C57BL/6 and Balb/c mice were obtained from the Jackson Laboratory (Bar Harbor, ME). All mice were kept under specific pathogen-free conditions. All experiments had the approval of the Institutional Animal Care and Use Committee at Michigan State University. Both male and female mice (6--8 weeks old) were used for experiments.

Paw Edema Model
---------------

C57BL/6 mice were initially treated with PBS (vehicle) or the SOCE inhibitor SKF (30 mg/kg) for 2 days via i.p. injection ([@B3], [@B22], [@B40]). On the 3rd day, mice received PBS in the right hind paw and compound 48/80 (150 ng in 5 μL) in the left hind paw along with SKF (i.p.). Mice were then injected with 0.15% Evans blue i.v. After 30 min, the thickness of the paws was measured using a micrometer thickness gauge (Peacock thickness gauge, G-1A). The paws were excised, weighed, dried at 50°C, and placed in 1 mL acetone:saline (7:3) for 48 h. The absorbance of the supernatant (250 μL) was quantified at 650 nm.

Serum Histamine Analysis by LC-MS/MS Method
-------------------------------------------

To estimate the serum histamine levels, we used the method developed by Chimalakonda et al. ([@B41]), with a few modifications. After 30 min of compound 48/80 injection in the paws, mice were culled and blood was collected. The serum samples were mixed with three volumes of acetonitrile, vortexed, and centrifuged at 3,000 × g at 4°C for 10 min. The supernatant was dried in a vacuum evaporator and reconstituted in mobile phase (10 mM perfluoroheptanoic acid (PFHA) in water) for LCMS/MS analysis. Histamine standards and spiked serum samples were prepared in mobile phase.

LCMS analysis was performed using a Waters Quattro Micro interfaced with an H-class Waters Acquity UPLC. A Supelco Ascentis Express C18 HPLC column (2.1 × 100 mm, 2.7 μm particle size) was maintained at 40°C in a column oven. The following UPLC-ESI-MS/MS system conditions were used: a mobile phase of solvent A (10 mM PFHA in water) and solvent B (acetonitrile) with gradient elution of solvent B at 10% at time 0 min then ramped to 99% B at 3.50 min, hold at 99% B from 3.50 to 4.50 min and return to 10% acetonitrile at 4.51 min until 6 min with a 0.3 mL min^−1^ flow rate. MS settings were as follows: electrospray ionization in positive ion mode; capillary voltage 2 kV; source temperature 120°C; desolvation temp 350°C; desolvation gas flow 800 L/h. Histamine was monitored using an MRM method with an m/z 112 to 95 transition. Cone voltage was 22 V and collision energy was 16 V with a dwell time of 0.2 s.

Experimental Rosacea Model
--------------------------

Balb/c mice received i.p. injections of PBS (vehicle) or SKF (30 mg/kg) for 2 days. Mice were then given intradermal injections of LL-37 (50 μL of 320 μM) in their dorsal skin twice a day for 2 days ([@B6]) while continuing the SKF treatment. Seventy-two hours after the last LL-37 injection, skin tissues were harvested and either snap-frozen in liquid N~2~ for RNA analysis or fixed in 10% formalin solution for H&E staining. For some experiments, mice were injected with a single dose of LL-37 (50 μL of 320 μM) after the SKF treatments and the skin tissues were harvested and fixed in 10% formalin solution 30 min after the LL-37 injection. Skin inflammation was scored as described previously by Schwartz et al. ([@B42]). Briefly, an objective scoring system was employed in a blinded fashion. Erythema, scaling and thickening were scored independently from 0 to 4 as follows: 0, none; 1, slight; 2, moderate; 3, marked; 4, extreme. The average cumulative score of erythema, scaling and thickening served to indicate the inflammation score (scale 0--4). For epidermal thickness measurements, five random epidermal areas in H&E stained skin sections from each mouse were chosen and measured following the acquisition of images using a Nikon® ECLIPSE 50i microscope equipped with a Lumenera® Infinity 3 color camera. For assessing *in vivo* mast cell degranulation, skin tissues were stained with toluidine blue (0.1% in PBS, pH 2.3) and images were captured as described above. Degranulated mast cells (as determined by the staining intensity, appearance, and/or location of the granules) were counted and expressed as percentage of total mast cells in the tissue sections ([@B43]).

Real-Time PCR
-------------

Skin samples taken from mice were homogenized in liquid N~2~ using a mortar and pestle. RNA was extracted using TRIzol™ reagent according to the manufacturer\'s protocol. RNA (2 μg) was transcribed to cDNA using the high capacity cDNA reverse transcription kit from Applied Biosystems. RNA levels (*Ccl2, Il6, Tnf, Mmp9, Tpsab1*, and *Cma1*) were quantified using gene expression assays with TaqMan™ Fast Advanced Master Mix and validated TaqMan™ probes.

Statistics
----------

Statistical analyses were performed using GraphPad PRISM software (San Diego, CA). A *p*-value less than or equal to 0.05 was deemed to be significant.

Results {#s3}
=======

SOCE Inhibitors Attenuate MRGPRX2 Mediated Ca^2+^ Mobilization, Degranulation, and Cytokine Production in Human Mast Cells
--------------------------------------------------------------------------------------------------------------------------

To determine the mechanisms via which MRGPRX2 activation induce Ca^2+^ influx, we activated LAD2 human mast cells with the known MRGPRX2 agonist CST-14 ([@B10]) in the presence of drugs that target Ca^2+^ channels and/or Ca^2+^-mobilizing proteins. The doses of the inhibitors were chosen based on the previously reported IC50 values (concentration at which 50% inhibition is observed). The inhibitors did not display any mast cell cytotoxicity at the concentrations used for experiments ([Figure S1](#SM1){ref-type="supplementary-material"}). Exposure to YM 58483 (YM, IC50 is 0.3--1 μM), an antagonist for calcium release-activated calcium (CRAC) channels (such as ORAI1), significantly decreased the mobilization of intracellular Ca^2+^ ([Figure 1A](#F1){ref-type="fig"}). ORAI channels are activated by the ER Ca^2+^ sensor STIM1 ([@B44], [@B45]). To determine if SOCE via STIM1 contributes to MRGPRX2-induced Ca^2+^ response, we exposed cells to a SOCE inhibitor SKF 96365 HCl (SKF, IC50 is 10--50 μM). A significant dose-dependent reduction in Ca^2+^ influx was observed with SKF suggesting that MRGPRX2-induced Ca^2+^ mobilization is regulated by SOCE via STIM1 and ORAI ([Figure 1B](#F1){ref-type="fig"}). Given the potential off-target effects that SKF may have, we examined the role of voltage-gated Ca^2+^ channels and TRP channels that are known to be susceptible to SKF treatment ([@B46], [@B47]). Nifedipine, an L-type channel antagonist, and A425619, a TRP channel antagonist, did not affect MRGPRX2-induced Ca^2+^ influx ([Figures 1C](#F1){ref-type="fig"}, [D](#F1){ref-type="fig"}) suggesting that SKF indeed targets SOCE via STIM1. Finally, to conclusively verify the role of SOCE, LAD2 cells were placed into Ca^2+^-free buffer and stimulated with CST-14 ([Figure 1E](#F1){ref-type="fig"}). The cells displayed a small, transient increase in fluorescence followed by a rapid return to baseline. Upon re-addition of Ca^2+^ to the buffer, a surge of Ca^2+^-flux into the cell was observed, though SKF diminished this response in a dose-dependent fashion.

![MRGPRX2-induced Ca^2+^ mobilization is reduced by SOCE inhibition. **(A--D)** Intracellular Ca^2+^ mobilization in LAD2 human mast cells was determined following incubation with varying concentrations of **(A)** YM, **(B)** SKF, **(C)** Nifedipine, and **(D)** A425619 for 30 min. Cells were treated with half log doses of the MRGPRX2 agonist cortistatin-14 (CST-14), and changes in fluorescence intensities were recorded for 120 s. Data are plotted as the change in fluorescence \[minimum (Min) subtracted from maximum (Max) value\] normalized to the maximal change in fluorescence. **(E)** Traces show SOCE assay following SKF pretreatment. LAD2 cells were suspended in Ca^2+^-free buffer and stimulated with 300 nM CST-14. CaCl~2~ (Ca^2+^) at a final concentration of 2 mM was added to the cells at the indicated timepoint. Plotted curves are the average (mean ± S.E.) of 3--6 independent experiments. Data are analyzed with two-way ANOVA. \**p* \< 0.05 and \*\**p* \< 0.01.](fimmu-10-03143-g0001){#F1}

Since Ca^2+^ is an important second messenger that regulates the functional responses of mast cells such as degranulation and cytokine production, we analyzed the effects of SOCE inhibition on these mast cell functions. The degranulation response of LAD2 cells (as assessed by the release of β-hexosaminidase) to CST-14 was significantly reduced following pre-treatment with YM and SKF ([Figures 2A](#F2){ref-type="fig"},[B](#F2){ref-type="fig"}). Consistent with our data in the Ca^2+^ mobilization assays ([Figures 1C](#F1){ref-type="fig"},[D](#F1){ref-type="fig"}), the L-type Ca^2+^ and TRP channel inhibitors (Nifedipine and A425619) did not have any effect on CST-14-induced mast cell degranulation ([Figures 2C,D](#F2){ref-type="fig"}). These data thus support the role for SOCE via STIM1 and the CRAC channels as the predominant mechanism of Ca^2+^ entry and subsequent mast cell degranulation. Next, we assessed if SOCE regulates delayed mast cell response such as cytokine production following MRGPRX2 stimulation. SKF treatment significantly inhibited the production of IL-2 ([Figure 2E](#F2){ref-type="fig"}) and TNF-α ([Figure 2F](#F2){ref-type="fig"}) in a dose-dependent fashion. Collectively, our data demonstrates that the release of inflammatory mediators by mast cells following MRGPRX2 stimulation is dependent upon Ca^2+^ mobilization through SOCE.

![Mast cell degranulation and cytokine production are inhibited by SOCE antagonists. **(A--D)** CST-14-induced degranulation in LAD2 mast cells as quantified by β-hexosaminidase release in the presence of **(A)** YM, **(B)** SKF, **(C)** Nifedipine, and **(D)** A425619 is shown. Values are plotted as percentages of total cell lysate β-hexosaminidase content. **(E,F)** Bar graphs show IL-2 and TNF-α production by LAD2 mast cells stimulated with the indicated concentrations of CST-14. Data shown are mean ± S.E. of 3--5 independent experiments. Statistical significance was determined by two-way ANOVA. \**p* \< 0.05 and \*\**p* \< 0.01.](fimmu-10-03143-g0002){#F2}

SKF Inhibits Ca^2+^ Mobilization and Degranulation Induced by Different MRGPRX2 Ligands
---------------------------------------------------------------------------------------

MRGPRX2 is a GPCR that is activated by several ligands that share amphipathic properties ([@B11], [@B13], [@B15], [@B16]). As such, the neuropeptide substance P, compound 48/80, and the cathelicidin LL-37 induce potent Ca^2+^ mobilization and mast cell degranulation via MRGPRX2 ([@B3], [@B13], [@B16]). A recent study ([@B48]) identified a synthetic ligand \[(*R*)-ZINC-3573\] as a potent selective agonist for MRGPRX2. To determine if SOCE is required for MRGPRX2 response induced by these ligands, we exposed LAD2 mast cells to different concentrations of the agonists in the presence of SKF and assessed for Ca^2+^ mobilization and degranulation response. Our data demonstrates that both Ca^2+^ mobilization ([Figures 3A--D](#F3){ref-type="fig"}) and degranulation ([Figures 3E--H](#F3){ref-type="fig"}) in response to substance P, compound 48/80, LL-37 and (*R*)-ZINC-3573 are substantially reduced in the presence of SKF.

![SOCE inhibition attenuates mast cell Ca^2+^ mobilization and degranulation to different MRGPRX2 agonists. LAD2 cells were treated with indicated concentrations of SKF, and Ca^2+^ mobilization **(A--D)** and degranulation **(E--H)** assays were performed following incubation with substance P **(A, E)**, compound 48/80 **(B, F)**, LL-37 **(C, G)** and (*R*)-ZINC-3573 **(D, H)**. Data shown are mean ± S.E. of three independent experiments. Statistical significance was determined by two-way ANOVA. \**p* \< 0.05 and \*\**p* \< 0.01.](fimmu-10-03143-g0003){#F3}

RBL-2H3 is a rat basophilic cell line that has been used extensively to assess mast cell activation ([@B49]--[@B54]). These cells do not endogenously express MRGPRX2 and hence do not respond to CST-14 ([@B16]). To determine the specificity of SKF in attenuating MRGPRX2 activation, we generated RBL-2H3 cells stably expressing MRGPRX2 (RBL-MRGPRX2) and sorted cells expressing high levels of this receptor by flow cytometry ([Figure S2A](#SM2){ref-type="supplementary-material"}). In agreement with previous reports ([@B13], [@B16], [@B55]), wild type RBL-2H3 (RBL-2H3 WT) cells did not respond to the MRGPRX2 agonists, compound 48/80, substance P, LL-37, and CST-14 for Ca^2+^ mobilization ([Figure S2B](#SM2){ref-type="supplementary-material"}). However, stable expression of MRGPRX2 rendered these cells responsive to MRGPRX2 stimulation. Consistent with our observation with LAD2 cells, intracellular Ca^2+^ mobilization in RBL-MRGPRX2 cells following stimulation with compound 48/80, substance P, LL-37, and CST-14 was significantly inhibited by SKF ([Figure S2B](#SM2){ref-type="supplementary-material"}).

SKF Treatment Affects Mitogen-Activated Protein (MAP) Kinase Activation Following MRGPRX2 Stimulation of Mast Cells
-------------------------------------------------------------------------------------------------------------------

MRGPRX2 activation results in downstream signaling events that activate the MAP kinase and Akt pathways that ultimately regulate mast cell responses such as degranulation and cytokine production ([@B56], [@B57]). Since SOCE regulated mast cell degranulation and cytokine production following MRGPRX2 activation ([Figures 2](#F2){ref-type="fig"}, [3](#F3){ref-type="fig"}), we examined whether the upstream signaling events were also regulated via the same mechanism. We exposed LAD2 cells to LL-37 for different time intervals, either in the presence or absence of SKF and analyzed for MAP kinase and Akt activation by Western blotting. Transient phosphorylation of the MAP kinase ERK1/2 was evident following LL-37 stimulation, with levels returning to baseline by 30 min. Notably, ERK1/2 phosphorylation was significantly inhibited by treatment with SKF at the 5- and 10-min time points ([Figures 4A,B](#F4){ref-type="fig"}). Contrary to this result, Akt phosphorylation was not altered in the presence of SKF, suggesting that SOCE regulates the MAP kinase but not the Akt pathway following MRGPRX2 stimulation. Additionally, there were no changes in STIM1 expression levels after SKF treatment, indicating that the altered mast cell Ca^2+^ mobilization and functional responses were not due to reduced STIM1 expression following SKF treatment. Taken together, our data suggests that SOCE inhibition following MRGPRX2 activation attenuates Ca^2+^ mobilization and downstream MAP kinase signaling events; thus, diminishing functional responses such as degranulation and cytokine production.

![MAP kinase signaling following MRGPRX2 activation is inhibited by SOCE reduction. LAD2 cells were treated with vehicle (PBS) or SKF (30 μM) and exposed to LL-37 (3 μM) for different time intervals. **(A)** Representative western blots are shown. The blots with phosphorylated proteins (p-ERK1/2 and p-Akt) were stripped and reprobed with the total protein (T-ERK1/2 and T-Akt) antibodies. The STIM1 blot was stripped and reprobed with β-Actin (loading control). **(B)** Bar graphs show relative intensities of bands for the indicated signaling proteins. Phosphoproteins were normalized to total expression for each respective target. STIM1 was normalized to β-Actin levels. Data from three independent experiments are shown. Statistical significance was determined by Student\'s *t*-test. \**p* \< 0.05.](fimmu-10-03143-g0004){#F4}

SKF Inhibits MRGPRX2 Mediated Degranulation of Primary Skin-Derived Human Mast Cells
------------------------------------------------------------------------------------

Previous reports have shown that primary human mast cells derived from the peripheral blood as well as human skin mast cells express MRGPRX2 and respond to MRGPRX2 agonists ([@B6], [@B7], [@B13]). To confirm the biological relevance of our studies obtained with LAD2 cells, we cultured mast cells isolated from the human skin and then exposed these cells to SKF and assessed their degranulation response to different concentrations of CST-14 and LL-37. Consistent with our data from LAD2 cells, SKF treatment significantly reduced degranulation of human skin mast cells to these MRGPRX2 agonists ([Figures 5A,B](#F5){ref-type="fig"}).

![MRGPRX2-induced degranulation of human skin-derived mast cells is attenuated by SOCE inhibition. Human skin-derived mast cells were pre-treated with SKF (50 μM) and exposed to different concentrations of CST-14 **(A)** or LL-37 **(B)**. Bar graphs show degranulation of mast cells as estimated by β-hexosaminidase release in the supernatant. Data shown are mean ± S.E. of three independent experiments with different human donors. Statistical significance was determined by Student\'s *t*-test. \**p* \< 0.05 and \*\**p* \< 0.01.](fimmu-10-03143-g0005){#F5}

Knockdown of STIM1 Ablates MRGPRX2-Induced Mast Cell Response
-------------------------------------------------------------

Pharmacological targeting, in most cases, is prone to off-target effects. To confirm the accuracy of our results obtained with the SKF treatment, we conducted additional experiments where we specifically deleted STIM1 expression in LAD2 mast cells using lentiviral shRNA transduction ([@B12], [@B13]) and performed functional assays with these cells. We used scrambled shRNA transduced cells as controls for our experiments. STIM1 expression levels were reduced (by \~80%) as determined by western blotting ([Figure 6A](#F6){ref-type="fig"}). As expected, SOCE was substantially reduced in STIM1 knockdown cells ([Figure 6B](#F6){ref-type="fig"}). Consistent with the results obtained with SKF and YM ([Figures 1](#F1){ref-type="fig"}--[3](#F3){ref-type="fig"}), degranulation responses to CST-14 ([Figure 6C](#F6){ref-type="fig"}) and LL-37 ([Figure 6D](#F6){ref-type="fig"}) were significantly reduced in cells transduced with STIM1 shRNA, as compared to scramble (control) shRNA-transduced cells. Furthermore, silencing STIM1 expression significantly decreased cytokine production and/or release ([Figures 6E,F](#F6){ref-type="fig"}) with IL-2 ([Figure 6F](#F6){ref-type="fig"}) exhibiting a greater reduction as compared to TNF-α ([Figure 6E](#F6){ref-type="fig"}). These data conclusively demonstrate that SOCE via STIM1 regulates mast cell response following MRGPRX2 activation.

![Silencing STIM1 expression inhibits Ca^2+^ mobilization, degranulation and cytokine production in LAD2 mast cells. LAD2 cells were stably transduced with lentivirus containing STIM1 or scrambled shRNA (control). **(A)** A representative blot of STIM1 levels in wild type (WT), scrambled and STIM1 shRNA-transduced cells is shown. **(B)** Control and STIM1 knockdown (KD) cells were labeled with the Calcium 6 dye in Ca^2+^-free buffer. Traces represent the changes in fluorescence following the addition of CST-14 (300 nM) and 2 mM Ca^2+^. **(C,D)** Cells were stimulated with indicated concentrations of CST-14 or LL-37 and β-hexosaminidase release was determined. **(E,F)** Cells were treated with CST-14 for 6 h, and ELISA was performed to estimate TNF-α and IL-2 levels in the supernatants. Data is mean ± S.E. from three experiments. Statistical significance was determined by two-way ANOVA. \**p* \< 0.05 and \*\**p* \< 0.01.](fimmu-10-03143-g0006){#F6}

SKF Administration Attenuates Mast Cell-Dependent Inflammation *in vivo*
------------------------------------------------------------------------

We next determined if SOCE inhibition affected MRGPRX2-induced responses *in vivo*. Mice express an orthologous receptor to the human MRGPRX2, termed MrgprB2 ([@B3]). The mouse receptor is very similar to MRGPRX2; it is activated by the same ligands, facilitates pseudo-allergic phenotypes, and exhibits high sequence homology. We adopted a previously described model of compound 48/80-induced paw edema that is dependent on MrgprB2 expression on mouse mast cells ([@B3]). Control vehicle (PBS)- or SKF-treated mice were injected with PBS or compound 48/80 in their right and left paws, respectively, and vascular permeability (an indicator of mast cell degranulation) was assessed following i.v. injection of the Evan blue dye. Paw swelling and histamine levels (an indicator of mast cell degranulation) in the serum were also evaluated in these mice. We observed increased dye extravasation (indicative of vascular leakage), paw swelling and serum histamine levels in the mice treated with compound 48/80, as compared to control PBS treated mice ([Figures 7A--D](#F7){ref-type="fig"}). These responses, however, were significantly reduced in the SKF-treated cohort, suggesting that SOCE inhibition by SKF alleviated compound 48/80-induced paw edema.

![SOCE Inhibition reduces paw edema to compound 48/80. PBS (vehicle) or SKF-treated C57BL/6 mice were exposed to compound 48/80, (C 48/80, left paw) or PBS (right paw) and Evans blue dye was injected i.v. Mice were culled 30 min later. **(A)** Representative pictures of three mice for each group with dye leakage in the paws are shown. **(B)** The paws were excised and weighed; the dye was extracted and absorbance of the supernatant was measured at 650 nm. **(C,D)** Bar graphs shows the paw thickness **(C)** and histamine levels in serum **(D)** of mice. Data shown are mean ± S.E. from three experiments (*n* = 6--13 mice/group). Statistical significance was determined by Student\'s *t*-test. \**p* \< 0.05.](fimmu-10-03143-g0007){#F7}

Additionally, we investigated the role of SOCE in a more prolonged and severe skin inflammation model of pseudo-allergic rosacea. Since LL-37 is elevated in the skin tissues of human patients with rosacea, it has been used for inducing the pathogenesis of experimental rosacea in rodents ([@B17], [@B58]). Specifically, Muto et al. ([@B6]) showed that the LL-37 injections in the skin caused rosacea like symptoms in mice that are dependent on the presence of mast cells. LL-37-induced Ca^2+^ mobilization and degranulation were attenuated by SKF in human mast cells *in vitro* ([Figures 3C,G](#F3){ref-type="fig"}). To determine whether SKF also inhibits mouse mast cell response *in vivo*, we pretreated mice with PBS (vehicle) or SKF, followed by multiple LL-37 administrations in the dorsal skin. After 72 h, inflammation was evident in the LL-37 treated mice, although, the SKF treated group showed greatly reduced skin reddening and inflammation ([Figure 8A](#F8){ref-type="fig"}). Histological analysis of the skin tissues showed less cellular infiltration and bleeding in the skin of SKF treated mice ([Figure 8B](#F8){ref-type="fig"}) resulting in a significant reduction in inflammation score ([Figure 8C](#F8){ref-type="fig"}) and epidermal thickness ([Figure 8D](#F8){ref-type="fig"}) as compared to the vehicle-treated group. Moreover, RNA analysis of inflammatory markers was consistent with the observed reduction in skin inflammation in the SKF-treated cohort ([Figure 8E](#F8){ref-type="fig"}). Specifically, RNA levels of CCL2, IL-6, TNFα, and MMP9 were significantly decreased in the presence of SKF. Importantly, a significant inhibition in RNA levels of mast cell-associated tryptase (*Tpsab1*) and chymase (*Cma1*) was also observed in the skin of SKF-treated mice. To further examine the role of SKF in attenuating mast cell response *in vivo*, we treated mice with PBS (vehicle) or SKF and exposed them to a single dose of LL-37 in the hind skin. We culled the mice after 30 min of the LL-37 injection and enumerated the numbers of degranulated and non-degranulated mast cells in the skin tissue. Degranulated mast cells exhibited reduced toluidine blue staining intensity and/or dispersed cytoplasmic granules whereas non-degranulated cells were intensely stained and the cytoplasmic granules were not distinctly visible. While there was no difference in the total numbers of mast cells between the PBS and the SKF-treated cohorts of mice (data not shown), the percentage of degranulated mast cells was significantly reduced in the SKF-treated mice as compared to the control vehicle-treated group ([Figures 8F,G](#F8){ref-type="fig"}). Collectively, these data demonstrate that SOCE abrogation by SKF attenuates mast cell-induced inflammation associated with pseudo-allergic reactions *in vivo*.

![SOCE inhibition prevents the development of LL-37-induced rosacea in mice. PBS (LL-37/Vehicle) or SKF treated (LL-37/SKF) BALB/c mice were injected with LL-37 into the dorsal skin (arrows) twice daily for two consecutive days. Mice that only received PBS on the dorsal skin were used as control. Representative pictures of **(A)** the dorsal skin and **(B)** H&E stained skin sections of mice from different cohorts are shown. Scale bar = 100 μm. **(C,D)** Graphs represent inflammation scores and epidermal thickness of the H&E stained skin sections. **(E)** Relative gene expression of selected gene targets from the excised skin was analyzed by real-time PCR. Values are plotted as 2^−ΔΔCt^ normalized to GAPDH levels. **(F)** Mice were treated with vehicle or SKF and exposed to a single dose of LL-37 in their hind skin. After 30 min of LL-37 injection, the skin tissues were harvested and paraffin embedded skin sections were stained with toludine blue. Representative pictures of the skin sections are shown. Bold arrows indicate intact mast cells whereas dotted arrows represent degranulated mast cells. The inset figure is an enlarged image of the cell(s) shown by the arrows. Scale bar = 50 μm. **(G)** Graph shows the percentage of degranulated mast cells in the skin tissue of different cohorts of mice. Data are mean ± S.E. from three to five experiments (*n* = 4--12 mice/group) Statistical significance was determined by Student\'s *t*-test. \**p* \< 0.05.](fimmu-10-03143-g0008){#F8}

Discussion {#s4}
==========

Ca^2+^ signaling in mast cells remains an important facet of proinflammatory cellular activation. As has been shown for the high-affinity IgE receptor FcεRI ([@B29]), STIM1 and SOCE are imperative for the proper Ca^2+^ potentiation and mast cell function. In the current study we examined the role of SOCE as a regulator of MRGPRX2/MrgprB2 mediated responses in mast cells. Our *in vitro* and *in vivo* experiments show that SOCE via STIM1 is an important mechanism for potentiating MRGPRX2/MrgprB2 mediated mast cell activation. This observation is consistent with other receptors implicated in immune activation. Fcε ([@B59]), Fcγ ([@B60]), as well as T ([@B61]), and B cells receptors ([@B62]), all appear to utilize SOCE mechanisms when activating their respective cell types.

While analyzing the mechanisms of MRGPRX2-mediated Ca^2+^ mobilization in human mast cells, we observed some residual signaling in both SKF-treated cells and STIM1 knockdown cells. While some of this Ca^2+^ influx may be due to inefficiencies of the SKF drug and the incomplete knockdown of STIM1, respectively, it is important to note that the TRPV4 Ca^2+^ channel has been shown to contribute to MRGPRX2 responses and is subject to upregulation when the cells are stimulated ([@B63], [@B64]). It is therefore possible that some residual Ca^2+^ influx occurs via the TRPV4 channels in the presence of SKF. Activation of TRPV4 channels may be mediated by mechanisms independent of SOCE; however, STIM1 is known to complex with other TRP channels, such as the TRPC subtype and mediate SOCE ([@B65]). There may be some degree of activation of TRPV4 by STIM1, although these pathways are yet to be determined. The differential mechanisms utilized by STIM1 and TRPV4 channels to mediate MRGPRX2-induced Ca^2+^ influx and mast cell activation will be the subject of our future investigation.

Mast cell degranulation is promptly initiated by increases of cytosolic Ca^2+^ levels through Ca^2+^-mediated exocytosis. Consistent with our Ca^2+^ mobilization data, SOCE inhibition abrogated most of the degranulation response. Residual degranulation may have been enacted through Ca^2+^-independent signaling pathways or by drawing upon smooth endoplasmic reticulum Ca^2+^ stores. Intracellular signaling events activated by MRGPRX2 are not particularly well-characterized, although, MAP kinase pathways have been shown to be activated in previous studies ([@B56], [@B66]). Our results demonstrated the phosphorylation of ERK1/2 during LL-37 stimulation was significantly reduced in the presence of SKF ([Figure 4](#F4){ref-type="fig"}). An interesting finding of the current study was that activation of Akt was not significantly altered by SKF treatment suggesting that SOCE does not contribute to MRGPRX2-induced Akt activation. MAP kinase and Akt pathways are differentially regulated for different receptors ([@B67]) and hence it is possible that while SOCE regulates the MAP kinase pathway for MRGPRX2, a SOCE-independent pathway possibly modulates Akt activation.

In agreement with decreased ERK1/2 activation following SOCE inhibition, LAD2 cells exhibited decreased levels of cytokine production in both SKF-treated and STIM1-silenced cells following MRGPRX2 stimulation indicating that the SOCE-ERK1/2 pathway regulates MRGPRX2 cytokine responses in mast cells. However, it is unclear whether the production of cytokines is being reduced or their release from the cell is affected. Given that Ca^2+^ is important in facilitating a variety of mast cell responses, combined with the decreased ERK1/2 activation in SKF-treated cells, it is conceivable that both the generation as well as the release of cytokines are impaired. LAD2 cells produce copious amounts of pro-inflammatory cytokines such as TNF-α and IL-2 following activation via MRGPRX2. While TNF-α is partially stored in mast cell granules ([@B68]), IL-2 is synthesized *de novo* ([@B69]). As levels of both of these cytokines are reduced, the notion that both the production and release of cytokines are decreased by abrogating SOCE is strengthened.

Lastly, we demonstrated that paw edema and experimental rosacea were reduced by SKF administration. These models induce pseudo-allergic reactions to MrgprB2 agonists, and this response is mast cell-dependent ([@B3], [@B6]). Because of its short duration and acute nature, the paw edema model corresponds with the immediate phase of mast cell response i.e., degranulation. The accumulation of fluids in the paw tissue is due to histamine released by mast cells following degranulation, which causes subsequent vasodilation and vascular leakage. SKF administration prevented histamine secretion and tissue edema through SOCE inhibition in mast cells, thus complementing our *in vitro* degranulation data. Furthermore, hindering the development of rosacea through SKF injection demonstrates the importance of SOCE in the pseudo-allergic pathology. Although other immune cells may participate in exacerbation of inflammation associated with rosacea, mast cells play a critical role in initiating this disease. We have shown that SFK treatment reduced mast cell Ca^2+^ mobilization and degranulation to LL-37 *in vitro* ([Figure 3](#F3){ref-type="fig"}). Accordingly, the pathology of rosacea was reduced by SOCE inhibition *in vivo*; skin histology showed less inflammatory characteristics, and tissue cytokine/chemokine levels were decreased. Importantly, tryptase, and chymase, two important proteases that are stored and secreted by skin mast cells ([@B70]), were reduced in SKF-treated mice. Furthermore, the percentage of degranulated mast cells was also reduced in the skin of mice treated with SKF. These data suggested that mast cell activation was debilitated by SOCE inhibition, and therefore, rosacea pathogenesis was reduced. It also possible that in conjunction with abrogating mast cell response, SKF also affects the inflammatory response of other immune cells involved in rosacea pathology such as T cells. Future studies using mice with mast cell- or T cell-specific STIM1 deletion will determine the contribution of STIM1 expression in these cell types in regulating the rosacea response *in vivo*.

Mast cell MRGPRX2 plays a pivotal role in mediating pseudo-allergic reactions to several FDA approved drugs ([@B3], [@B19]--[@B24]) and chronic inflammation associated with asthma ([@B18]), urticaria ([@B7]), and rosacea ([@B6]). We have identified a role for SOCE via STIM1 in regulating MRGPRX2 responses in mast cells. Considering three phases of the mast cell response- immediate Ca^2+^ mobilization, acute degranulation, and latent cytokine production; SOCE inhibition attenuated each of the three steps and reduced inflammation in MRGPRX2 dependent allergic models. Given that SOCE via STIM1 promotes responses of FcεRI ([@B29]) and MRGPRX2, two important mast cells receptors that mediate allergy in humans; future studies designed to characterize this mechanism further may lead to the development of novel therapeutic approaches for the treatment of allergic diseases.
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